Abstract Ethanol, which affects all body organs, exerts a number of cytotoxic effects, most of them independent of cell type. Ethanol treatment leads to increased membrane fluidity and to changes in membrane protein composition. It can also interact directly with membrane proteins, causing conformational changes and thereby influencing their function. The cytotoxic action may include an increased level of oxidative stress. Heat shock protein molecular chaperones are ubiquitously expressed evolutionarily conserved proteins which serve as critical regulators of cellular homeostasis. Heat shock proteins can be induced by various forms of stresses such as elevated temperature, alcohol treatment, or ischemia, and they are also upregulated in certain pathological conditions. As heat shock and ethanol stress provoke similar responses, it is likely that heat shock protein activation also has a role in the protection of membranes and other cellular components during alcohol stress.
The effects of alcohol on cellular physiology
Ethanol affects all tissues in the human organism and alcoholism is still one of the most common health, social, and economic problems worldwide. Ethanol exerts a number of cytotoxic effects, most of which are independent of cell type (reviewed in Baker and Kramer 1999) . These harmful effects include the hyperfluidization of membranes, the denaturation of proteins, and the production of an elevated level of reactive oxygen species (ROS), which can interact with various cell components and lead to lipid and protein peroxidation and DNA damage. Ethanol can influence the function of mitochondria and their energy metabolism (Cunningham et al. 1990; Hoek 1994) , and it has antiproliferative effects (Shoker et al. 1997) .
Several lines of evidence indicate that ethanol displays marked effects on biological membranes. Ethanol can disrupt the physical structure of almost any type of membrane, including the plasma membrane, membranes of cell organelles (endoplasmic reticulum and mitochondrium), and liposomes (Goldstein 1986) . It can increase membrane fluidity, which contributes directly to its acute toxicological action. Alterations in the lipid environment of membranes can influence the functions of membrane-associated proteins, such as receptors, ion channels, and enzymes, and can therefore alter biological processes, including membrane transport, enzymatic reactions, and signaling pathways (Escribá et al. 2008) . Moreover, ethanol can interact directly with membrane proteins and bring about conformational changes, thereby influencing their functions (Fadda and Rossetti 1998) . For instance, ethanol can affect the function of voltage-dependent sodium channels (Mullin and Hunt 1987) or NMDA receptors (Lovinger et al. 1990 ). It has also been found that chronic ethanol consumption leads to profound changes in the membrane protein profile of different tissues. The loss of membrane-associated proteins in the liver and the cerebral cortex ) of chronically alcohol-treated rats suggested that this protein loss might be responsible for the membrane disruption caused by ethanol.
Both acute and chronic ethanol administration can give rise to enhanced ROS generation and at the same time to depressed activity of the protective antioxidant system, which results in oxidative stress (Wu and Cederbaum 2003) . The free radicals produced can then react with different cellular components, causing the oxidation of lipids and proteins and DNA damage, and leading eventually to cell death. Lipid peroxidation results in significant changes in the structure and organization of membrane lipids, which can cause further alterations in numerous membrane functions, and consequently, in the functions of different membrane proteins (Mason et al. 1997; Vígh et al. 2005; Escribá et al. 2008) . ROS can also denature proteins, which results in changes in protein structure leading to protein aggregation and the loss of enzymatic activity. Ethanol treatment of isolated rat hepatocytes causes a dosedependent increase in ROS level and a mild decrease in cell viability (Bailey et al. 1999) . Through the use of mitochondrial inhibitors, that study has revealed that the sites of ethanol-induced ROS production are the NADH dehydrogenase complex and the ubiquinone cycle of complex II. The in vitro ethanol treatment of a liver slice culture was demonstrated to be cytotoxic and to increase the level of lipid peroxidation (Naik et al. 2004) . In an elegant in vivo study, chronic ethanol consumption in rats was found to result in oxidative stress, hepatocyte apoptosis, necrosis, inflammation, and a decreased level of glutathione, but these phenomena could be prevented by the overexpression of the mitochondrial isoform of superoxide dismutase (Wheeler et al. 2001) . Taken together, these studies suggest that an elevated level of free radical production and oxidative stress play central roles in the pathogenesis of alcoholic liver disease (Wu and Cederbaum 2003) . Furthermore, ethanol can also induce oxidative stress and depress the activity of the protective antioxidant system in extrahepatic tissues such as the heart and brain (reviewed in Nordmann et al. 1990 ). Short-term alcohol treatment led to decreased glutathione levels in heart, liver, and gastrocnemius muscle of mice and reduced plasma superoxide dismutase capacity (Islam et al. 2013) . Acute ethanol treatment results in an increased lipid peroxide level and a decreased glutathione level in rat brain homogenates (Uysal et al. 1989) . Both in vitro ethanol addition and chronic alcohol consumption have been demonstrated to lead to the enhanced formation of ROS and increased lipid peroxidation in the rat brain (Montoliu et al. 1994 ). Higher levels of lipid peroxidation in different brain regions and also in the liver were measured after both acute and chronic ethanol administrations in rats (Calabrese et al. 1996; Calabrese et al. 1998) . The short-term ethanol treatment of cultured fetal rat cortical neurons resulted in increased ROS formation and a decreased level of glutathione followed by apoptosis (Rathinam et al. 2006) . Chronic ethanol feeding decreased the activity levels of SOD-1 and SOD-2 in the brain (Calabrese et al. 1998 ). The brain is especially sensitive to oxidative injury, due to its high oxygen consumption, the high content of polyunsaturated fatty acid side chains in the neuronal membranes, and the weak antioxidant system in most brain regions (Halliwell 2006) .
The cytoskeleton system seems to be another possible target of ethanol toxicity, and this may also be related to oxidative stress. Disruption of the cytoskeletal components can influence the functions of cells. In chronically ethanoltreated rats, the rate of tubulin polymerization and the microtubule reorganization were altered, while the level of expression of tubulin was unchanged in the damaged liver (Yoon et al. 1998) . In an ethanol treated astrocyte culture, the actin cytoskeleton and the entire microtubular network appeared to be disrupted and disorganized (Tomas et al. 2003; Tomas et al. 2005) . Acute ethanol treatment resulted in disruption of the actin network and enhanced ROS formation in the C6 rat glioma cell line. The finding that different antioxidants can prevent ethanol-induced alterations in actin organization an indication that an elevated ROS level contributes to the cytoskeletal remodeling effect of ethanol (Loureiro et al. 2011) .
Ethanol-induced cell death seems to involve apoptosis. Hepatic apoptosis occurs in alcoholic liver disease, but ethanol can also induce apoptosis in the brain and in several other cell types. Aroor and Baker (1997) reported that the apoptotic cell number was significantly elevated in the human HL-60 promyeolocytic cell line after ethanol treatment. After a single day of binge ethanol treatment, Zhou et al. (2001) detected apoptotic cells in the liver, and Fas/Fas ligand systemmediated caspase-3 activation was postulated to play a central role in this apoptotic pathway, but mitochondrial cytochrome c release was also involved. Low-concentration ethanol treatment can also lead to apoptosis, probably through Fas receptor activation in a human hepatocellular carcinoma cell line (Castaneda and Kinne 2001; Kai et al. 2010) . Ethanol enhances apoptosis in cerebellar granular cell cultures, involving an increase in caspase activity (Oberdoerster and Rabin 1999) . These results were confirmed by several other studies, which demonstrated that ethanol treatment can trigger extensive apoptosis in vivo in the developing mammalian brain during the synaptogenetic period. Neurons are extremely sensitive to the cytotoxic effect of ethanol during this process, which occurs after birth in rats, and prenatally in humans. The acute ethanol treatment of 7-day-old rats led to extensive neuronal apoptosis (Ikonomidou et al. 2000) . A similar result was described by Olney et al. (2002) , who observed widespread neurodegeneration and caspase-3 activation in many brain regions of alcohol-treated mouse pups. Ethanol-induced apoptosis appears to require the presence of Bax, as acute ethanol treatment did not trigger caspase-3 activation and neurodegeneration in Bax-deficient mice (Young et al. 2003) .
Heat shock proteins and their roles in membrane protection
Heat shock proteins (Hsps) are evolutionarily conserved proteins that can be found in every organism examined to date and in almost all cell types (Lindquist 1986 ). They can be induced by various forms of stress, such as hypoxia, ischemia, heavy metal, or ethanol exposure and infections, and they are also upregulated in several diseases. Hsps are rapidly induced in response to stressors and their most important function is to protect cells from the toxic effects of stress. A mild, sublethal stress that induces Hsp expression may generate resistance to a later severe, normally lethal injury. This phenomenon, called preconditioning, is observed in different cell types and tissues. Besides their general protective functions, Hsps also play roles in normal cellular homeostasis and development. Most of the stress-induced proteins are molecular chaperones and they have crucial functions in the biosynthesis, folding/unfolding, transport and assembly of other proteins (Finka and Goloubinoff 2013) . Most of the Hsps are grouped by molecular weight. Human Hsps are classified into five families: Hsp110, Hsp90, Hsp70, Hsp40, and the small Hsps (sHsps; Kampinga et al. 2009) .
A subpopulation of Hsps was associated with the surface or was present within cellular membranes. This membraneassociated pool of Hsps can alter certain attributes of the membrane lipid phase, such as fluidity and permeability, and can thereby maintain the membrane stability under stress conditions. A number of studies have documented the membrane localization of sHsps in different species (reviewed in Horváth et al. 2008) . After a heat shock, most of the newly synthesized Hsp17 in Synechocystis PCC 6803 was found to be associated with the thylakoid membranes (Horváth et al. 1998; Glatz et al. 1999) , binding especially to certain "heat shock lipids" (Balogi et al. 2005) . A noteworthy finding was that an increased level of thylakoid association of Hsp17 provided improved resistance to UV-B damage in Synechocystis (Balogi et al. 2008) . The level of membrane association of Lo18 depends on the temperature upshift in Oenococcus oeni (Delmas et al. 2001) . In Myobacterium tuberculosis, the major membrane protein is a 16-kDa Hsp (Lee et al. 1992 ). Hsp29 of Toxoplasma gondii is similarly localized to the membrane (de Miguel et al. 2005) . In mammalian cells, HspB2 is associated with the outer membrane of the mitochondria (Nakagawa et al. 2001) , and the α-crystallins can also bind to lens plasma membranes (Cobb and Petrash 2000) .
However, it is not only the sHsps that can bind to cellular membranes: as an example in Escherichia coli a subpopulation of GroEL was found to be associated to the membrane (Newman and Crooke 2000) . In various mammalian cell lines, Hsp60 has been found in the mitochondrial outer membrane and also in the plasma membrane (Soltys and Gupta 1996) . Following the exposure of tumor cells to nonlethal heat stress, Hsp72 was found to be expressed on the cell surface (Multhoff et al. 1995; Stangl et al. 2011; Multhoff and Hightower 2011) .
The role of alcohol on membranes and the induction of the stress response It seems that ethanol affects primarily the cellular membranes, and some of its other toxic effects (for example impairing protein function, elevated ROS generation) also related to membrane hyperfluidization. Enhanced cell membrane fluidity has been documented in different cell types after in vitro ethanol treatment. Ethanol treatment increases the fluidity of murine erythrocytes and synaptosomal and mitochondrial membranes in a dose-dependent manner (Chin and Goldstein 1977) . Ethanol exerts a significant disordering effect on isolated erythrocytes, synaptic plasma membranes, and microsomal membranes of the murine brain (Armbrecht et al. 1983) . The in vitro disordering of brain membranes was found to be correlated with an elevated sensitivity to ethanol in vivo (Goldstein et al. 1982) . Following ethanol treatment, synaptosomal and erythrocyte membranes derived from ethanolsensitive mice were more strongly disordered than those from ethanol-resistant mice. The ethanol treatment of a primary culture of murine neural crest cells correlated positively and dose-dependently with the membrane fluidity and the significantly decreased cell viability (Chen et al. 1996) .
On the other hand, chronic ethanol consumption leads to ethanol tolerance, which may be a response to its primary membrane-disordering effect. Membranes isolated from chronically ethanol-treated mice proved resistant to the fluidizing effect of ethanol (Chin and Goldstein 1977) , and in parallel, the cholesterol content of the membranes was increased (Chin et al. 1978) . Chronic ethanol treatment also induced a significantly increased cholesterol level in microsomes isolated from chicken brain and liver (Sanchez-Amate et al. 1991) . Erythrocyte membranes isolated from chronic alcoholics exhibited an increase in cholesterol content and a decrease in membrane fluidity (Parmahamsa et al. 2004 ).
These early studies clearly demonstrate that ethanol treatment leads to the physical disruption of lipid membranes in the cells. However, the interaction of ethanol with membranes causes not only a decreased membrane order, but also changes in the membrane protein composition, which can ultimately affect receptor functions and signaling pathways in the cell.
In a study of the association between ROS production and the level of membrane fluidity in isolated rat hepatocytes (Sergent et al. 2005) , ethanol treatment resulted in an increase in membrane fluidity after incubation for 30 min, but this was prevented by inhibition of the ethanol metabolism, or by pretreatment with either a ROS scavenger or an antioxidant, indicating that the metabolism of ethanol and the formation of ROS are involved in the elevation of membrane fluidity. An increase in the level of ROS production was detected after only a 15-min ethanol incubation. It also emerged that membrane-stabilizing agents which prevent hyperfluidization decreased the levels of ROS production, lipid peroxidation, and cell death in response to a 5-h incubation, but had no detectable effect on the extent of ROS formation induced by a short, 15-min ethanol incubation. In contrast, membrane fluidizing compounds did enhance the degree of ethanol induced oxidative stress. These data suggested that early ROS formation due to the metabolism of ethanol contributed to the rapid elevation of membrane fluidity, which in turn further amplified the oxidative stress and lipid peroxidation, leading finally to cell death.
The activation of the Hsps is mediated by heat shock elements (HSEs) and transcription factors referred to as heat shock factors (HSFs). The HSEs are located in the promoter region of the Hsps. In mammalian cells, at least four members of the HSF family can be detected. Under non-stressful conditions, HSF1 is sequestered in an inactive form in the cytoplasm through interactions with Hsp90, Hsp70, and Hsp40. Following stress, the denatured, misfolded proteins that emerge compete with HSF for association with the Hsps. Thus, HSF dissociates from the chaperones and translocates to the nucleus; meanwhile, the released HSF undergoes trimerization and phosphorylation. Finally, it binds to the HSE of the promoters of heat shock genes and activates them. This occurs rapidly: activation of the DNA-binding form of HSF can be detected within minutes following heat treatment (Morimoto et al. 1992; Morimoto 2002; Sőti et al. 2005) .
However, protein denaturation is not the only way to increase the expression of Hsps. The evidence is increasing which suggests that there is an alternative, membraneassociated "thermosensor" that can initiate a signaling pathway and finally activate heat shock genes. During heat stress, the molecular order of membranes rapidly decreases, and this decrease is probably converted into signals leading to the transcription activation of heat shock genes Balogh et al. 2013) . In an earlier study by the Vígh team, two membrane fluidizers, benzyl alcohol (BA) and heptanol, were used to increase the membrane fluidity in K562 cells. Both chemicals induced Hsp70 expression without measurable protein denaturation ). An immediate increase in intracellular Ca 2+ level was also observed. BA is additionally able to induce different Hsp genes, without protein denaturation in B16 (F10) cells, and this transcription activation is mediated by HSF1 (Nagy et al. 2007) . BA treatment (and also heat stress) induces the reorganization of cholesterol-rich membrane domains, and this might play a crucial role in the generation of a stress signal. It seems that even small alterations in plasma membrane microdomains can activate stress sensing and signaling proteins in these domains (Vígh et al. 2007a; Vígh et al. 2007b) . Similarly, the fatty acid and lipid composition of the B16 cell membrane correlated with the changes in the membrane microdomain organization and the altered stress inducibility (Péter et al. 2012; Csoboz et al. 2013) . As recently reviewed Balogh et al. 2013) , there is increasing evidence that many stress events cause Hsp induction without commensurate protein denaturation on a scale ranging from bacteria to yeast, plant, and mammalian cells. Besides highlighting the importance of membranes and their lipids in the heat shock response, such observations provide a new perspective for future studies into the mechanisms that mediate cellular and organismal responses to heat stress.
Regardless of whether it is acute or chronic, ethanol exposure is rather stressful and (as in the case of other stressors) can induce the activation of HSFs and increase the level of Hsp expression. Alcohol induces Hsp expression primarily in the liver and brain. An elevated level of Hsp70 expression related to ethanol-induced liver injury has been observed in rats (Nanji et al. 1995) , and maternal ethanol consumption likewise resulted in an elevated level of Hsp70 in different brain regions of rat pups (Holownia et al. 1995) . Both acute and chronic ethanol treatment induces the expression of Hsp70 in the brain and liver of rats (Calabrese et al. 1996; Calabrese et al. 1998 ). Acute administration of 5 g/kg ethanol resulted in an increased level of Hsp70 in the hippocampus, cerebellum, cortex, striatum, and liver. In the brain, the amount of Hsp70 protein correlated negatively with the level of lipid peroxidation; the cerebellum and hippocampus displayed the lowest levels of lipid peroxidation, with the highest Hsp70 induction (Calabrese et al. 1996) . Chronic (12-week) ethanol administration was found to increase the level of Hsp70 in these cerebral areas and in the liver (Calabrese et al. 1998) . Chronic ethanol consumption similarly led to an increased expression level of Hsp70 in the amygdala (Bell et al. 2006 ). Significant elevations in HSP72 protein and mRNA and in HSF1 protein levels were noted in liver after short-term ethanol administration in mice (Islam et al. 2013 ). An in vitro study demonstrated that ethanol exposure stimulated the translocation of HSF1 from cytoplasm to the nucleus in cultured cortical neuronal cells (Pignataro et al. 2007) , and a rapid increase was detected in the level of expression of the genes of Hsp27, Hsp40, Hsp70, and (with slower kinetics) Hsp90. When adult mice were injected with a single dose of ethanol, the nuclear translocation of HSF1 was enhanced and various Hsp genes were activated in the cerebral cortex (Pignataro et al. 2007 ). The levels of sHsps were increased in neural stem cells derived from the forebrain of mouse embryos when the cells were differentiated in the presence of 50 mM ethanol, and the expression of the HSF genes was also upregulated (Choi et al. 2011) .
Ethanol consumption contributes to alterations in the functions of inflammatory cells. In vitro alcohol treatment of macrophages and monocytes promotes the nuclear translocation of HSF1 (but not HSF2) and increases its DNA-binding activity, and acute ethanol administration induces Hsp70 expression in macrophages. On the other hand, the level of Hsp70 is decreased in the course of prolonged ethanol treatment and in parallel the level of Hsp90 is increased (Mandrekar et al. 2008) .
Several studies have demonstrated that moderate ethanol exposure can provoke preconditioning in various cell types, which become resistant to a subsequent otherwise lethal stimulus; this might result from the activation of Hsp expression. H9c2 cells treated with 6 % ethanol for 1 h developed thermotolerance and resistance to H 2 O 2 , which might be due to the elevated expression of Hsp70 (Su et al. 1998 ). It has also been revealed that prior administration of ethanol offers a protective effect against neuronal damage due to cerebral ischemia reperfusion in gerbils (Wang et al. 2007 ). An investigation of the possible neuroprotective effects of ethanol preconditioning in organotypic slice cultures of the maturing rat hippocampal-entorhinal cortex (HEC) complex and in an in vitro culture of rat cerebellar cells demonstrated significant elevations of Hsp70 and Hsp27 after 6 days of moderate ethanol administration, this being correlated with a neuroprotection against the neuronal degeneration provoked by the HIV-1 virus envelope glycoprotein or β-amyloid (Collins et al. 2010) . It was observed that suppression of the elevation of Hsp70 and Hsp27 inhibited the neuroprotection, suggesting that both proteins are important for full neuroprotection. Alcohol can activate HSFs and increase the expression of several Hsps, and mild, non-toxic exposure to ethanol can protect cells from various harmful stimuli.
Possible mechanism of Hsp protection and potential therapeutic approaches
During stress, the cellular plasma membrane is a sensitive target for damage. Stress factors can increase membrane fluidity and denature membrane proteins. Heat shock and ethanol stress responses exhibit extensive similarities (Piper 1995) as both exert a membrane-disruptive effect, and they denature proteins and cause similar changes in the plasma membrane protein composition, as illustrated in Fig. 1 . Fig. 1 Schematic representation of the chaperone function after alcohol stress. Ethanol treatment can influence the function of different cell components, e.g., it can disrupt the membrane order and impair the structure of proteins. However, these events lead to the activation of HSFs, and subsequently, to the expression of Hsps. The synthesized Hsps finally provide protection against further damage, as they can increase the membrane order, repair the proteins or prevent their aggregation, and block the apoptotic pathway A number of studies have pointed to a potential link between membrane function and Hsps, which can bind to the membranes, primarily to lipid rafts, and increase the physical order. An early study demonstrated that E. coli GroEL14 can bind to lipid mono-and bilayers and GroEL can increase the molecular order of the lipid bilayers under heat shock conditions (Török et al. 1997) . It was later found that Hsp17 of the blue alga Synechocystis is associated with lipid membranes, resulting in an elevated degree of physical order of the membranes and reduced membrane fluidity (Török et al. 2001) . αB-crystallin and Synechocystis Hsp17 have been demonstrated to be able to regulate the bilayer-nonbilayer phase equilibrium and to exert a bilayer-stabilizing effect on model membranes in vitro (Tsvetkova et al. 2002) . We recently provided evidence of the cholesterol-controlled lipid raft interaction of the mammalian Hspb11 (Hsp16.6; Török et al. 2012) . Overall, these data suggest that the membraneassociated pool(s) of Hsps may play a pivotal role in membrane protection under very varied stress conditions (Nakamoto and Vígh 2007; Balogi et al. 2008; Horváth et al. 2008; Horváth and Vígh 2010; Horváth et al. 2012) .
As heat shock and ethanol stress provoke similar responses, it is likely that Hsp activation also has a role in membrane protection after ethanol treatment. In the lactic acid bacterium O. oeni, the sHsp Lo18 is mostly associated with the membranes when the cells are heat-shocked or treated with ethanol or BA which can disturb membranes (Coucheney et al. 2005) . It also seems that Lo18 can modulate membrane properties by increasing its molecular order, which leads to a diminished membrane fluidity.
The overexpression of different Hsps has a protective effect against oxidative stress. The expression of Hsp27 or αB-crystallin in L929 cells decreased the intracellular level of ROS generated by TNF-α, while the cellular glutathione level was increased and the levels of lipid peroxidation and protein oxidation were lowered (Mehlen et al. 1996) . It has been reported that exercise training can enhance the levels of Hsp70 and glutathione (Demirel et al. 1998; Lewis et al. 2013) . A 10-week-training program reduced the degree of myocardial lipid peroxidation following short-term ischemia reperfusion, while the level of Hsp70 was largely increased in the left ventricle (Demirel et al. 1998 ). Heat shock preconditioning can protect the liver from oxidative stress in carbon tetrachloride-induced liver injury (Yamamoto et al. 2000) . Oxidative stress led to a suppressed level of protein denaturation, which might be associated with the induction of Hsp70. Similarly, the overexpression of Hsp27 protected the heart from an ischemia-reperfusion injury by decreasing the effects of oxidative stress (Hollander et al. 2004) .
Hsps can influence the structure and function of the cytoskeleton, which is one of the targets of ethanol. Chaperones can facilitate the formation of cytoskeletal components and protect them during stress. For example, the overexpression of Hsp70 or αB-crystallin preserved the microtubular integrity after stimulated ischemia in rat neonatal cardiac myocytes (Bluhm et al. 1998) . Both αA-and αB-crystallin can block the cytochalasin D-induced depolymerization and heatinduced aggregation of actin filaments (Wang and Spector 1996) . The overexpression of Hsp27 can protect cells against the actin fragmentation induced by oxidative stress, and the microfilament stabilization is associated with a higher rate of cell survival following oxidative stress (Huot et al. 1996) .
The cytoprotective effect of Hsps is related to their ability to inhibit apoptosis. Various studies have demonstrated that Hsps can interfere with different steps of the apoptotic pathway. Hsp27 can prevent the cytochrome c-dependent activation of procaspase-9 and the subsequent activation of procaspase-3 (Garrido et al. 1999; Bruey et al. 2000) , and it inhibits the release of cytochrome c from the mitochondria (Paul et al. 2002) . Hsp27 also affects the Fas-induced Daxxmediated apoptotic pathway (Charette et al. 2000) . Hsp70 has been reported to prevent caspase activation (Buzzard et al. 1998) ; moreover, it can mediate a caspase-independent pathway (Ravagnan et al. 2001) . Hsp70 can block formation of the apoptosome (Beere et al. 2000) , and similarly to Hsp27, can prevent cytochrome c release from the mitochondria (Stankiewicz et al. 2005) . As ethanol treatment can lead to apoptotic cell death, it is likely that Hsps can moderate the cytotoxic effect of ethanol in part through their ability to reduce apoptosis.
As the overexpression of Hsps can protect cellular components against certain stressors, it might have a beneficial effect in the prevention of different pathological conditions that cause membrane alterations, protein denaturation or apoptosis, like the ethanol-induced syndrome or other neurodegenerative diseases. In our lab, it was demonstrated that Hsp27 displays a neuroprotective effect against acute and chronic ethanol administration. Hsp27-overexpressing transgenic mice and wild-type littermates were injected intraperitoneally with 2 g/kg ethanol, and the motor coordination and muscle strength were then analyzed by means of various behavioral tests, such as the footprint, balance beam, and inverted screen tests. The ethanol treated wild-type mice exhibited ataxia and incoordination, whereas the overexpression of Hsp27 significantly reduced these harmful effects (Toth et al. 2010) . When the drinking water of mice was replaced by a 20 % ethanol solution for 5 weeks and neurodegeneration was monitored through the use of Fluoro Jade C staining, a significantly lower number of degenerating neurons were found in the brain of the ethanol-drinking Hsp27 transgenic mice as compared with that of the wild-type mice ( Fig. 2 ; Toth et al. 2010) .
Several previous studies have demonstrated that different plant-derived compounds or drugs that have potent antioxidant and anti-inflammatory activities can induce the expression of Hsps. These compounds can be promising therapeutic agents to prevent or moderate the symptoms of diseases accompanied by oxidative damage, inflammation, and apoptosis. For example, xenohormetic plant compounds, such as resveratrol or curcumin, activate the mammalian stress response when ingested and have therapeutic effects against different diseases like cancer, type 2 diabetes, or neurodegenerative diseases and aging (Hooper et al. 2010) . These bioactive compounds might have beneficial effects against alcohol induced diseases, such as liver damage and neurodegeneration. Indeed, pretreatment of cells with curcumin or addition of curcumin together with ethanol reduced the level of lipid peroxidation and the toxicity of ethanol (Naik et al. 2004 ). Celastrol, a triterpene compound isolated from the vine Tripterygium wilfordii of the Celastraceae family, was effective in inducing Hsp70, Hsp27, and Hsp32 in cultures derived from cerebral cortices (Chow et al. 2013) . Extracts of T. wilfordii have been used as a traditional herbal therapy in Chinese medicine to treat different illnesses, but recent results have suggested that celastrol could be a potential agent to treat diseases such as Alzheimer disease (Chow et al. 2013; Allison et al. 2001) . A study on the potential cytoprotective effect of ginseng indicated that pretreatment with ginseng prevented the ethanol-induced gastric lesions and decreased the level of apoptotic cell death in the rat gastric mucosa (Yeo et al. 2008) . Moreover, Hsp27 and Hsp70 were found to be overexpressed in ginseng-pretreated rats. Astaxanthin, a carotenoid of marine animals, is also a powerful antioxidant. It has been shown to decrease the high fructose-fat diet induced ROS production and endoplasmatic reticulum stress in the liver (Bhuvaneswari et al. 2013) . Astaxanthin also antagonizes the ethanol effect on cortical spreading depression in the young adult rat brain (Abadie-Guedes et al. 2008) . On the other hand, previously astaxanthin was reported to induce the expression of Hsp70 and heme oxygenase in human neuroblastoma cells (Lee et al. 2010) . Chitosan, a polysaccharide found in shellfish, krill, fungi, and insects, has membrane stabilizing properties (Filipović-Grcić et al. 2001 ) and helps to upregulate Hsp70 expression (Khodagholi et al. 2010) . Chitosan was reported to be neuroprotective by suppressing Aβ formation (Khodagholi et al. 2010) , it can reduce age-related dyslipidemic abnormalities and oxidative stress in aged rats (Anandan et al. 2013) , and has anti-ulcerogenic effect against HCl-ethanol induced ulcer (Anandan et al. 2004) . Geranylgeranylacetone (GGA) is an antiulcer drug which protects the cells of the gastric mucosa against several forms of stress. The cytoprotective effect of GGA appears to be due, at least in part, to the induction of Hsp expression (Hirakawa et al. 1996) . After the treatment of gastric mucosal cell cultures with 7.5 % ethanol for 8 h, apoptotic DNA fragmentation was found (Mizushima et al. 1999) . However, pretreatment of the cells with GGA for 3 h decreased the level of DNA fragmentation in a dosedependent manner. Pretreatment with a low concentration of ethanol also suppressed DNA fragmentation. These results suggest that the Hsp induction by pretreatment with either GGA or a low concentration of ethanol can protect cells against ethanol-induced apoptotic cell death.
These few examples support the notion that certain drugs or bioactive compounds derived from plants and animals that have antioxidant, anti-inflammatory, or anti-apoptotic effects, exert their cytoprotective functions, at least in part, through the induction of Hsp expression. Due to these properties, they might have protective effects in certain pathological conditions, such as alcoholism.
Concluding remarks
The published data clearly reveal the harmful effects of ethanol including the hyperfluidization of cellular membranes, the disruption of proteins, the elevation of ROS products, and the induction of the molecular machinery leading to apoptosis. Acute, low-dose ethanol treatment can induce a heat shock response by activating HSFs, thereby elevating the level of expression of Hsps. In response, the activated Hsps help to counter the cytotoxic effect of ethanol by normalizing membrane disordering, repairing damaged proteins, protecting against oxidative stress, and inhibiting apoptosis.
